In this study, atmospheric nonequilibrium plasmas were generated with six gas species using a multi-gas plasma jet. Singlet oxygen, OH radicals, H radicals, and NO radicals, in reaction with a solution interface, were measured using electron spin resonance. Carbon dioxide plasma generated the largest amount (90 mM) of singlet oxygen at 30 s, and argon-containing vapor gas plasma generated the largest amount (210 mM) of OH radicals. Among the homo-atomic gas species, nitrogen plasma generated the largest amount (130 mM) of OH radicals. In addition, H radicals were generated with argon, helium, and nitrogen plasmas. NO radicals were generated with nitrogen-oxygen plasma, and the largest amount of NO radicals was generated at a 1 : 1 volume ratio. These measurement results of the reactive species generated by individual gas plasmas permit identification of the production processes of reactive species.
Introduction
Atmospheric-pressure plasma shows strong industrial potential because it enables continuous treatment with a high-density of reactive species without the need for exhaust or pumping devices. Plasma processes have been studied in various elds including semiconductor processing, 1 harmful gas decomposition, 2 toxic degradation, 3 and elemental analysis. [4] [5] [6] [7] In recent years, even heat-sensitive materials such as the human body have been treated with plasma, since argon and helium plasma can be generated at room temperature to 100 C by nonequilibrium plasma. The use of nonequilibrium plasma has been conrmed to effectively inactivate Escherichia coli (E. coli) and Bacillus subtilis, 8 cause blood coagulation, 9,10 and kill cancer cells; 11, 12 therefore, these promising applications have attracted attention in medical elds. In particular, clinical tests are underway for wound healing and prevention of wound infection, 13, 14 since the microorganism inactivation effect by plasma can kill all associated microorganisms. Since these effects are observed in the presence of water, discussions only in the case of reactive species generated in the gas phase are insufficient. The reaction of reactive species at the liquid surface is an important consideration. In particular, reactive species such as singlet oxygen, OH radicals, and NO radicals generated by plasma in liquid are considered to have a vital relationship to the mechanisms involved. 15 For example, Oehmigen et al. have suggested that the inactivation effect of plasma on E. coli in liquid is caused by the production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) such as OH radicals, NO radicals, nitrites, and peroxynitrous acids (ONOOH).
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However, common method such as photometric measurement is difficult to identify the reactive species, thus there is few report to detect the individual ROS and RNS in the aqueous solution. The knowledge both of the quantity and the kind of ROSs and RNSs generated by the plasma treatment is useful to dissolve the problem of the microorganism inactivation mechanism. Therefore, electron spin resonance (ESR) has been used to measure the reactive species generated in liquid. 17 However, conventional plasma sources are limited in their abilities to generate gas species. They can only generate air and argon plasmas, where argon plasma is relatively easy to generate. The reaction processes and production amounts of reactive species are not yet well veried. Our group succeeded in developing a multi-gas plasma jet, [18] [19] [20] which can generate plasma from various gas species. Using this plasma source, reactive species can be investigated in detail, since they can be generated selectively by the supplied gas species. This study aims to clarify the relationships between the amount of reactive species and the gas species, and to consider the reaction process at the gasliquid interface.
Experimental setup
The multi-gas plasma jet can generate stable atmospheric plasma of various types of gas species such as argon, oxygen, nitrogen, carbon dioxide, mock air, and their mixtures at low gas temperatures. [18] [19] [20] The body of the device is grounded and an interior high-voltage electrode is connected to an AC power supply (Plasma Concept Tokyo, Inc.) of 16 kHz and 9 kV. The generated plasma ows through a 1 mm hole with a ow rate of 1 L min À1 . It has been found that the plasma gas temperature was indicated as below 50 C at 5 mm from the outlet using thermocouple measurement, and the plasma power was calculated as 10 W from voltage and current measurement.
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Each reactive species reacts with individual spin-trapping agents, and the spin adducts can be identied using ESR. In this study, the spin-trapping agents include 2,2,5,5-tetramethyl-3-pyrroline-3-carboxamide (TPC) as the singlet oxygen detector, 21 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the OH radical and H radical detector, 22 and N-methyl-D-glucamine dithiocarbamate iron (MGD-Fe) as the NO radical detector. 23 These agents were dissolved in a phosphate-buffered saline (PBS)(À) solution, with a pH value of 7.3-7.5, and the concentrations of TPC, DMPO, and MGD-Fe were xed at 75, 200, and 8 mM, respectively (consult the ESI †). ESR was set at a 9.424818 GHz microwave frequency, a 2 min sweep time, and 100 kHz modulation frequency. The conditions for measuring TPC and DMPO included a magnetic eld of 335.5 AE 5 mT, a modulation width of 0.1 mT, and a time constant of 0.1 s. The conditions for measuring MGD-Fe included a magnetic eld of 330 AE 5 mT, a modulation width of 0.7 mT, and a time constant of 0.3 s.
We investigated each reactive species generated by the plasmas of argon, helium, mock air (N 2 : O 2 ¼ 8 : 2), nitrogen, oxygen, and carbon dioxide using TPC, DMPO, and MGD-Fe. Plasma treatments of 200 mL solutions were operated at a distance of 6 mm from the plasma source outlet to the liquid surface for 30 s, as illustrated in Fig. 1 . The amounts of reactive species generated was calibrated with spin adducts of 2,2,6,6-tetramethylpiperidine 1-oxyl, for which the radical amount was known. TPC can be oxidized by reactive species other than singlet oxygen; therefore, we used sodium azide (NaN 3 ), 21 which is known to be a scavenger of singlet oxygen. The concentration of NaN 3 was xed at 100 mM, and the spin adducts of the combined treated TPC and NaN 3 solution were compared with the spin adducts of a solution containing treated TPC only.
For measuring singlet oxygen, we investigated H and OH radicals, as well as their production amounts by vapour (H 2 O)-added argon gas plasma. In addition, with respect to the oxygen-nitrogen plasma, we measured the amounts of singlet oxygen, OH radicals, and NO radicals generated at various gas mixture rates.
Result
Measurement of singlet oxygen TPC (75 mM) and TPC (75 mM) + NaN 3 (100 mM) solutions were treated with each gas plasma, and the amounts of singlet oxygen generated were calculated from the differences in the ESR signals. Results show that the carbon dioxide plasma generated the largest amount of singlet oxygen, as shown in Fig. 2 . The amount of singlet oxygen generated by the carbon dioxide plasma was estimated to be 90 mM, from the difference between the ESR measurements of 210 mM for the TPC solution and 120 mM for the TPC + NaN 3 solution. The amount of singlet oxygen generated by oxygen plasma was estimated to be 63 mM, from the difference between the ESR measurements of 94 mM for the TPC solution and 31 mM for the TPC + NaN 3 solution. The rate of the singlet oxygen reduction by NaN 3 compared with the rate using TPC only, which is generated by oxygen plasma, was larger than the singlet oxygen reduction rate generated by other gas plasmas. The amount of spin, measured with the TPC + NaN 3 solution, was insignicant, although spin adducts of singlet oxygen were observed in the TPC solutions treated by other gas species. Therefore, we suspect that the spin adducts are caused by other ROS.
Measurement of OH and H radicals
DMPO (200 mM) solutions were treated with each gas plasma, and the amounts of OH and H radicals were calculated from the ESR signal. Our results show that Ar + H 2 O plasma generated the largest amount of OH radicals, at 210 mM, as shown in Fig. 3 . Among the monatomic gas species, nitrogen plasma generated the largest amount of OH radicals, at 130 mM. OH radical production by argon, helium, oxygen, and carbon dioxide plasmas were 84, 68, 32, and 28 mM, respectively. The H radical productions were 14, 10, and 11 mM by argon, helium, and nitrogen plasmas, respectively.
Measurement of NO radicals
An MGD-Fe (8 mM) solution was treated with each gas plasma, and the amount of NO radicals generated was calculated from the ESR signal. Our results show that 1.6 mM of NO radicals was generated by air plasma. Although an NO radical spin adduct was obtained from the argon and helium plasmas, their ESR signal intensities were insufficient to calculate a production amount. NO radical production by the nitrogen, oxygen, and carbon dioxide plasmas were below the minimum detection limit.
Measurement of reactive species in nitrogen-oxygen mixture plasma
We investigated the generation of singlet oxygen, OH radicals, and NO radicals by the nitrogen-oxygen mixture plasma at specic volume ratios, and the results are shown in Fig. 4 . NO radical production was highest for the mixed plasma with 50% oxygen in nitrogen, at 11 mM. This result was 6.9-fold higher than NO radical production by mock air plasma (N 2 : O 2 ¼ 8 : 2). On the other hand, productions of singlet oxygen and OH radicals decreased, due to the mixed nitrogen and oxygen.
Discussion
In this study, concentration of each reactive species was determined by ESR signal; hence, the individual reactive species generated through a reaction process at the gas-liquid interface were caught by the spin-trapping reagent. We conrmed that each gas plasma emits an atomic line originating from its component species. 18 Therefore, the reactions relating to their respective reactive atomic species are expected to be those shown in Table 1 . Except for mock air plasma, each gas plasma was observed to produce OH radicals. Argon, helium, and nitrogen, the inert gases, caused liquid phase reactions and OH radicals were generated by the reaction at the gas-liquid interface, as in Formulas (15)-(17). We assume that the large OH radical production by the nitrogen plasma was due to the lifetime of this reactive species. The atomic metastable lifetimes of various species are as follows: nitrogen 2 2 D 5/2 : 6.1 Â 10 4 s, (1) 27 He + e / He* f(T e ) 
40 a f(T e ) indicates that the rate coefficient is obtained from EED using cross section from indicated reference.
argon 26 H radicals were also generated by argon, helium, and nitrogen plasma in the same amount of time as OH radicals according to formulas similar to (15)- (17) .
Signicant amounts of singlet oxygen were generated only by the oxygen and carbon dioxide plasmas. This suggests that oxygen and atomic oxygen, which is dissociated according to Formulas (4), (6) , and (7), generate singlet oxygen as follows: (i) electron impact and oxygen recombines as in Formula (3) and (14), (ii) atomic oxygen and molecular oxygen combine and result in a dissociation reaction, and (iii) atomic oxygen and water molecules react. With this result, the amount of singlet oxygen produced by oxygen plasma is lower than that by carbon dioxide plasma. It seems that singlet oxygen generated in the atmosphere reacts with triplet oxygen to produce ozone; hence, oxygen plasma yields higher concentrations of triplet oxygen than carbon dioxide plasma. Mock air plasma containing oxygen gas generated neither singlet oxygen nor OH radicals. This is because the atomic oxygen and nitrogen generated in mock air plasma reacts to the NO radical through Formula (13) .
We conrmed that OH radicals are generated by argon plasma; therefore, it is important to consider the reaction between argon plasma and water molecules in the gas phase. Thus, we made ESR measurements of argon with vapor plasma. Our results showed that the amount of OH radicals generated by argon with vapor plasma was higher than that by argon plasma alone. This suggests that Formula (8) directly accounts for part of the production by the plasma in addition to generating OH radicals, as in Formula (15). The reason for there being no detection of H radicals in this measurement is that generated argon ions react with H radicals to result in a protonated argon (ArH) in part of plasma production.
The process of NO radical production by each plasma can be explained as follows. When using nitrogen-oxygen mixture plasma, NO radicals are generated as in Formulas (4) and (5) through (17) . With argon and helium plasmas, NO radicals are generated through a process involving oxygen and nitrogen in the atmosphere, as in Formulas (9) through (12) . The reason the NO radical production by nitrogen, oxygen, and carbon dioxide plasmas were below the minimum detection limit was because producing atomic nitrogen or atomic oxygen from the atmosphere, as required for NO radical composition, is difficult by using these plasmas. These discussions are conrmed from the results shown in Fig. 4 . When nitrogen and oxygen gases are mixed, the resulting mixed gas plasma can generate NO radicals; however, the productions of singlet oxygen and OH radicals are below minimum detection levels. The above results for the reactive species production by each plasma are summarized in Fig. 5 .
Conclusions
Various gas plasmas were generated using a multi-gas plasma jet. The singlet oxygen, OH radicals, H radicals, and NO radicals, which were generated by each gas plasma, were investigated using ESR. We found that the largest amounts of singlet oxygen, OH radicals, H radicals, and NO radicals were generated by the carbon dioxide, argon with vapor, argon, and nitrogenoxygen plasmas, respectively. Peak NO radical production occurred in the nitrogen gas plasma with 50% oxygen content.
The amount of NO radicals produced at that ratio was 6.9-fold larger than those produced by mock air plasma. Given these facts, we found that the reactive species required for each application can be selectively generated by the plasma gas species chosen. Furthermore, the quantities required to generate the desired plasma effect can be estimated, and we could measure the amount of reactive species generated in this experiment. Our results suggest that the multi-gas plasma jet can provide partial explanations for plasma science mechanisms such as bacterial inactivation, cell growth, and blood coagulation.
